Fusarium verticillioides is one of the most important fungal pathogens of maize. Mycotoxin, fumonisins produced by this pathogen pose a threat to human and animal health. Because cAMP signaling has been implicated in regulating diverse developmental and infection processes in fungal pathogens, in this study, we aimed to elucidate the function of the cAMP-protein kinase A (PKA) pathway in toxin production and plant infection in F. verticillioides. Targeted deletion mutants were generated for the CPK1 and FAC1 genes that encode a catalytic subunit of PKA and the adenylate cyclase, respectively. Defects in radial growth and macroconidiation were observed in both the cpk1 and fac1 deletion mutants. The fac1 mutant also was significantly reduced in virulence and microconidiation but increased in tolerance to heat and oxidative stresses. These phenotypes were not observed in the cpk1 mutant, indicating that additional catalytic subunit of PKA must exist and function downstream from FAC1. The fac1 mutant formed microconidia mainly in false heads. The expression levels of the hydrophobin genes HYD1 and HYD2, which are known to be associated with change in formation of microconidia, were significantly reduced in the fac1 mutant. Expression of F. verticillioides GSY2 and HSP26 genes, two other putative downstream targets of FAC1, was increased in the fac1 mutant and may be associated with its enhanced stress tolerance. Although fumonisin production was normal, biosynthesis of bikaverin was increased in the fac1 mutant, suggesting that FAC1 and cAMP signaling may have pathway-or metabolite-specific regulatory roles in secondary metabolism. Overall, the pleiotropic defects of the fac1 deletion mutant indicate that the cAMP-PKA pathway is involved in growth, conidiation, bikaverin production, and plant infection in F. verticillioides.
Fusarium verticillioides (teleomorph Gibberella moniliformis) is one of the most important fungal pathogens on maize and is widely distributed in soil (White 1999) . Diseases caused by F. verticillioides, including fusarium stalk and ear rot, result in devastating yield loss. Moreover, mycotoxins produced by this pathogen, such as fumonisin B 1 (FB 1 ), are harmful to human and animal health (Gelderblom et al. 1988; Marasas 2001; Minorsky 2002; Missmer et al. 2006) . To date, strategies for efficient management of F. verticillioides have not been developed (Munkvold and Desjardins 1997) . Due to the significance of F. verticillioides diseases as well as the threat of fumonisins, it is critical to gain a better understanding of the developmental and molecular signaling pathways in F. verticillioides.
Like other eukaryotic organisms, fungi can recognize and respond to various environmental cues. In fungal pathogens, the cAMP signaling and mitogen-activated protein kinase pathways are major signal transduction pathways that have been shown to regulate various differentiation and infection processes Lee et al. 2003; Lengeler et al. 2000; Xu and Hammer 1996; Zhao et al. 2007 ). cAMP, the key secondary messenger in the cAMP-protein kinase A (PKA) pathway is synthesized by the adenylate cyclase and degraded by cAMP phosphodiesterase. The downstream target of adenylate cyclase and cAMP is PKA, which exists in the resting state as a tetramer consisting of two catalytic subunits and two regulatory subunits. Upon binding with cAMP, a conformational change in the regulatory subunit results in its disassociation from the catalytic subunit. The free catalytic subunits of PKA can then catalyze phosphorylation of serine or threonine residues on target proteins (D'Souza and Heitman 2001) . Activation of adenylate cyclase is mediated by heterotrimeric G proteins in most fungi (Kays et al. 2000) . In Saccharomyces cerevisiae, cAMP signaling is downstream of glucose-sensing G protein associated with psuedohyphal growth, mating, and gluconeogenesis in Schizosaccharomyces pombe and virulence in Cryptococcus neoformans and Ustilago maydis (D'Souza and Heitman 2001) .
Various components of the cAMP-PKA pathway have been studied in a number of plant pathogens, including Magnaporthe oryzae (Choi and Dean 1997) , U. maydis (Gold et al. 1994) , Cryphonectria parasitica (Dawe and Nuss 2001) , Colletotrichum trifolii (Yang and Dickman 1999) , and Cochliobolus heterostrophus (Horwitz et al. 1999) . In general, cAMP signaling is important for host invasion and virulence in plant and human pathogens (D'Souza and Heitman 2001; Lee et al. 2003) . In the rice blast fungus M. oryzae, CPKA encodes a catalytic subunit of PKA that is important for appressorium turgor generation and virulence but not essential for conidiation and appressorium formation (Mitchell and Dean 1995; Xu et al. 1997) . The MAC1 adenylate cyclase gene is essential for conidiation, appressorium formation, and pathogenicity (Adachi and Hamer 1998; Choi and Dean 1997) . In nonpathogenic fungi, cAMP signaling is known to be involved in sexual and asexual development (Banno et al. 2005; Shimizu and Keller 2003; Staudohar et al. 2002) . In addition, several lines of evidence suggest that the cAMP-PKA pathway is associated with fungal secondary metabolism (Miyake et al. 2006; Mukherjee et al. 2007; Shimizu et al. 2003) . In Aspergillus nidulans, PKA negatively regulates the biosynthesis of the secondary metabolite sterigmatocystin (Yu and Keller 2005) . The cAMP-PKA pathway also has been shown to regulate fungicide resistance, stress responses, sclerotium formation, and conidium germination in various fungi (Harel et al. 2005; Osherov and May 2001; Ramesh et al. 2001) .
The adenylate cyclase and PKA genes in F. verticillioides have not been characterized, and therefore, the functions of cAMP signaling in this important pathogen are not defined. However, genes encoding the G β subunits of trimeric G-proteins were characterized recently. Deletion of the GBB1 gene encoding the G β subunit of trimeric G proteins resulted in a significant decrease in the production of fumonisin B 1 (Sagaram and Shim 2007) . If GBB1 functions upstream from the cAMP-PKA pathway, these observations suggest the involvement of cAMP signaling in FB 1 biosynthesis. To date however, no experimental data connect GBB1 with cAMP signaling in F. verticillioides.
To determine the role of cAMP signaling in fumonisin production and plant infection in F. verticillioides, we identified and characterized the CPK1 and FAC1 genes that are homologous to the M. oryzae CPKA and MAC1 genes, respectively. Although both FAC1 and CPK1 were found to be involved in the regulation of radial growth and macroconidiation, only FAC1 was required for full virulence. The fac1 mutant was normal in fumonisin production, but it had increased bikaverin production. It also had increased tolerance to heat and oxidative stress. Our results indicate that cAMP signaling impacts growth, differentiation, secondary metabolism, and pathogenesis in F. verticillioides.
RESULTS

Disruption of CPK1 and FAC1 genes in F. verticillioides.
The Magnaporthe oryzae CPKA gene (GenBank accession number U12335) was used to search the F. verticillioides genome sequence (Broad Institute website). The predicted gene FVEG_05331.3 was found to share significant homology with CPKA and named CPK1 (for catalytic subunit of PKA 1) in this study. CPK1 encodes a 569-amino acid polypeptide that is highly similar to catalytic subunits of PKA from other filamentous fungi. To determine its function in F. verticillioides, we generated CPK1 gene replacement mutants (Fig. 1A) by the split-marker approach (Catlett et al. 2003; Fu et al. 2006) . The cpk1 deletion mutant was identified by polymerase chain reaction (PCR) and was confirmed by Southern blot analyses (Fig.  1A ). When hybridized with the upstream flanking sequence as the probe, the cpk1 mutant (Δcpk1) lacked the 5.8-kb ScaI band that was present in the wild-type strain. Instead, it had a 2.3-kb band that was diagnostic of the gene replacement event (Fig. 1A) .
Because the F. verticillioides genome contains another gene that encodes a putative catalytic subunit of PKA, we also identified and characterized the adenylate cyclase gene named FAC1 (for F. verticillioides adenylate cyclase 1). FAC1 (FVEG_01363.3) contains three introns and encodes a 2,275-amino acid polypeptide. Phylogenetic analysis revealed that the FAC1 encoding protein is closely related to other fungal adenylate cyclases, such as the M. oryzae Mac1 and the Neurospora crassa Cr-1 (Choi and Dean 1997; Lengeler et al. 2000; Terenzi et al. 1979) . It shares highest homology with FGSG_01234.3, a putative adenylate cyclase gene from F. graminearum.
We used the split-marker approach to generate the fac1 gene replacement mutant in F. verticillioides (Fig. 1B) . When hybridized with the downstream flanking sequence as the probe, an expected 3.7-kb ScaI band was detected in the fac1 deletion mutant (Fig. 1B) . The wild-type strain had a 5-kb ScaΙ band, indicating that the FAC1 gene was replaced by the hygromycin-resistance gene in mutant Δfac1 (Fig. 1B ).
CPK1 and FAC1 are required for normal growth rate.
The mutant Δcpk1 was reduced in vegetative growth on several media tested, including V8 and 0.2× potato dextrose agar Southern blot analysis of the cpk1 deletion mutants is shown below. DNA samples were digested with ScaI. The upstream flanking sequence (Probe) was used for hybridization. WT =wild type, Ect = ectopic transformant, Δcpk1 = cpk1 gene deletion mutant, and Δcpk1/CPK1 = complemented strain. B, The FAC1 gene replacement construct and mutants. Schematic drawing of the FAC1 locus and gene replacement event. S = ScaI. Southern blot of ScaI-digested genomic DNA of the wild type (WT) and fac1 deletion mutant (Δfac1), and the complemented strain (Δfac1/FAC1) is shown below. The probe used for hybridization was the downstream flanking sequence (Probe).
(PDA) ( Fig. 2A and B) . The growth rate in the mutant was reduced by approximately 40% relative to the wild type. To verify that observed growth defects were due to the gene-deletion event, the wild-type CPK1 allele (including 1.4-kb promoter region) was reintroduced into mutant Δcpk1. The complemented transformant (Δcpk1/CPK1) was confirmed by Southern blot analysis (Fig. 1A) . Its growth rate was similar to that of the wild type, indicating that growth defects of the cpk1 mutant were rescued by the wild-type CPK1 allele ( Fig. 2A) . These results indicate that the cAMP signaling pathway plays a critical role in maintaining normal hyphal extension and growth rate in F. verticillioides.
The fac1 mutant also was significantly reduced in vegetative growth ( Fig. 2A and B) . When cultured on 0.2× PDA plates, in comparison with the wild-type strain, Δfac1 was reduced approximately 50% in growth rate, which was more than the reduction observed in the cpk1 mutant (Fig. 2B) . Application of exogenous cAMP increased the radial growth rate in Δfac1 on V8 plates ( Fig. 2A) . We reintroduced the wild-type FAC1 gene into Δfac1. The resulting transformant (Δfac1/FAC1) was identified by its increased growth rate relative to the fac1 mutant ( Fig. 2A) and was further confirmed by PCR and Southern analysis (Fig. 1B) . In the complementation strain (Δfac1/FAC1), defects in growth were partially (77%) restored (Fig. 2B) . These data further indicate that the cAMP signaling pathway plays an important role in maintaining normal hyphal extension and growth rate in F. verticillioides.
Deletion of FAC1 reduces microconidiation.
When assayed for the production of microconidia, the wildtype strain produced 3.5 × 10 7 conidia per square centimeter in 14-day-old V8 agar cultures. Under the same conditions, only 3.9 × 10 6 conidia per square centimeter were produced by the fac1 mutant (Fig. 3A) . In contrast, the cpk1 mutant produced 3.0 × 10 7 conidia per square centimeter, indicating that a significant reduction (about 10-fold) in conidiation was a defect unique to the fac1 mutant. On other media tested, including 0.2× PDA, Δfac1 also was reduced in the production of microconidia (data not shown). The complementation transformant (Δfac1/FAC1) produced abundant microconidia (to a level similar to that of the cpk1 mutant; Fig. 3A) , indicating that the microconidiation defect of Δfac1 was rescued by complementation with the wild-type FAC1 gene.
FAC1 is required for the production of microconidial chains.
When examined under a dissecting microscope, the wildtype and CPK1 mutant strains produced long chains of microconidia ( Fig. 3B ), which is a taxonomic feature of F. verticillioides. In the fac1 mutant, however, we observed only false heads in repeated experiments with cultures of different ages. Thus, FAC1 must play a key regulatory role in the formation of microconidial chains.
In F. verticillioides, the HYD1 and HYD2 hydrophobin genes have been reported to be important for the production of microconidial chains (Fuchs et al. 2004) . The hyd1 hyd2 double mutants mainly formed microconidia in false heads. To determine whether the expression of the HYD1 and HYD2 genes were affected in the fac1 mutant, RNA was isolated from 14-day-old PDA cultures and was subjected to quantitative reverse transcription (qRT)-PCR analysis. In comparison with the wild-type strain, the expression levels of the HYD1 and HYD2 genes were down-regulated in the fac1 mutant about 32-and 64-fold, respectively ( Table 1 ). The t-tests for HYD1 and HYD2 expression confirmed a significant difference between the wild type and Δfac1. In contrast, deletion of CPK1 had no obvious effect on the expression of HYD1 and HYD2 (Table  1) . These results suggest that FAC1 positively regulates microconidia production and the expression of two hydrophobin genes, HYD1 and HYD2, that are associated with the formation of microconidial chains (Fuchs et al. 2004 ).
CPK1 and FAC1 are required for macroconidiation.
Like many other Fusarium species, F. verticillioides produces both macro-and microconidia. We assayed for defects in macroconidial formation in the fac1 mutant. On carnation leaf agar plates, the wild type and ectopic transformant strains produced similar amounts of macroconidia, which accounted for approximately 16% of the total conidia harvested from 14-day-old cultures. Under the same conditions, no macroconidia were produced by the fac1 deletion mutant Δfac1 (Fig. 4A ). In numerous independent experiments, we failed to observe macroconidia. Similar results were observed on 14-day-old carrot agar plates with aerial hyphae appressed down after incubation for 7 days. While abundant macroconidia were formed by the wild type, we failed to observe macroconidia in carrot agar cultures of the fac1 mutant.
Similar to the fac1 mutant, the cpk1 mutant was significantly reduced in macroconidiation (Fig. 4A) . Only rare macroconidia could be observed in Δcpk1 cultures (Fig. 4B) . Therefore, we conclude that FAC1 and cAMP signaling positively regulate the production of macroconidia in F. verticillioides. Fig. 2 . Analysis of radial growth on agar plates. A, Colonies formed by the wild type (WT), the cpk1mutant (Δcpk1), complemented transformant (Δcpk1/CPK1), the fac1 mutant (Δfac1), and complemented transformant (Δfac1/FAC1) on V8 agar plates. In addition, exogenous cAMP was added to the plate of Δfac1. Photos were taken after incubation for 7 days. B, Radial growth on 0.2× potato dextrose agar (PDA). All strains were grown on 0.2× PDA for 7 days, and growth was measured as the diameter of colonies. Mean and standard deviation were calculated from three biological replications.
Conidial germination in the fac1 mutant is still stimulated by glucose.
In several filamentous fungi, mutants disrupted in the cAMP-PKA pathway are defective in conidial germination (Fillinger et al. 2002; Hoffman 2005; Lafon et al. 2005; Lengeler et al. 2000) . In F. verticillioides, microconidia of the cpk1 and fac1 mutants germinated normally in liquid YEPD (1% yeast extract, 2% peptone, 1% glucose) medium (relatively rich medium). Over 90% of microconidia germinated after incubation at room temperature for 16 h ( Table 2 ), suggesting that deletion of CPK1 and FAC1 did not block microconidium germination. In addition, we could not find any alteration in germ tubes morphology in cpk1 and fac1 mutants (data not shown). We also observed that the fac1 mutant still responds to glucose stimulation. In minimal medium (MM) without a carbon source, less than 10% of the microconidia germinated in the wild type and mutant strains (Table 2 ). When 200 mM glucose was added, conidial germination increased to about 90% in the wild type and cpk1 mutant. Glucose also stimulated conidial germination in the fac1 mutant but to a slightly lower degree (Table 2 ). In the presence of 10 mM cAMP, conidial germination in the fac1 mutant was increased to a level similar to that of the wild type and cpk1 mutant strains ( Table 2) .
Deletion of CPK1 and FAC1 has no effect on FB 1 biosynthesis.
To determine the role of cAMP signaling in fumonisin synthesis, two approaches were used to assay for FB 1 production in the cpk1 and fac1 mutants. For cracked-corn cultures of the wild type and mutant strains, both FB 1 and ergosterol were measured. Because both cpk1 and fac1 mutant were reduced in growth, we used ergosterol to normalize for fungal biomass. We first tested whether deletion of CPK1 affected fumonisin production. On cracked corn kernels, no significant differences in FB 1 production were observed between the wild type and cpk1 mutant strains. When normalized with ergosterol for fungal biomass, the wild type and Δcpk1 produced similar amounts of FB 1 (FB 1 , 0.26 ± 0.01 and ergosterol, 0.30 ± 0.01 [ppm/ ppm]). We tested FB 1 production in defined liquid medium inoculated with the same amount of fungal biomass (described below); similar quantities of FB 1 production were produced by the wild type and mutant strains (data not shown). These results indicate that CPK1 is not involved in the regulation of FB 1 production in F. verticillioides.
Like the cpk1 mutant, the fac1 mutant had no obvious defects in FB 1 production on cracked corn kernels. The wild type, ectopic transformant, and mutant strains produced similar amounts of FB 1 (Fig. 5A ). Because this result was somewhat surprising, we also assayed FB 1 production in defined liquid medium (Bluhm and Woloshuk 2005) inoculated with equal amounts of vegetative hyphae from the wild type and fac1 mutant. After incubation for 10 days, the quantity of FB 1 was measured and found to be similar to that of the wild type. In all three independent biological replicates, there was no significant difference in FB 1 production between the wild type 0.34 ± 0.15 0.13 ± 0.04 a WT = Wild type, Δcpk1 = cpk1 mutant, Ect = an ectopic transformant, Δfac1 = fac1 mutant, and Δfac1/FAC1 = complemented transformant. b The transcription level of HYD1 and HYD2 was evaluated using the 2 -ΔΔCt method, with the FvTUB2 gene as the endogenous control. Relative expression of these two genes in different genetic backgrounds was calculated as fold changes in comparison with their expression levels in the WT strain (arbitrarily set to 1).
Fig. 3.
Microconidium production in the cpk1 and fac1 mutants. A, Microconidia produced by the wild type (WT), cpk1 mutant (Δcpk1), an ectopic transformant (Ect), fac1 mutant (Δfac1), and complemented transformant (Δfac1/FAC1). We harvested conidia from fungal strains grown on 0.2× potato dextrose agar plates for 14 days. Total conidia were extracted from 1-cm 2 agar blocks, and the number of microconidia was counted and presented in a bar graph. Three biological replications were performed. B, Chains (black-filled arrows) and false heads (unfilled arrows) of microconidia were photographed with a dissecting microscope. In the fac1 mutant, abundant false heads were present. Microconidial chains present in the WT strain or complementated transformant (Δfac1/FAC1) were rarely observed in Δfac1.
and Δfac1 (Table 3 ), suggesting that cAMP signaling is not functionally related to FB 1 synthesis.
FAC1 is important for virulence.
Two infection assays were used to determine the virulence of the cpk1 and fac1 mutants. In corn stalk rot assays, the wild type and an ectopic transformant caused extensive discoloration in the corn pith 10 days postinoculation (Fig. 6A) . Under the same conditions, the cpk1 mutant was slightly reduced in virulence, because the diseased regions were smaller than those caused by the wild type (Fig. 6A) . However, the fac1 mutant caused only limited necrosis at the inoculation site and failed to spread extensively to nearby corn-stalk tissues (Fig. 6A) , indicating that FAC1 but not CPK1 is important for virulence.
F. verticillioides also is a corn ear-rot pathogen. In infection assays with corn kernels, the fac1 mutant also was significantly reduced in virulence (data not shown), further indicating that FAC1 plays a critical role in pathogenesis in F. verticillioides.
Bikaverin biosynthesis is increased in the fac1 mutant.
We noticed that colonies formed by Δfac1 on 0.2× PDA plates produced a reddish pigment in the medium (Fig. 7A) . Because bikaverin is the major red pigment produced by a variety of Fusarium species in culture (Linnemannstöns et al. 2002) , we assayed bikaverin production (Chávez-Parga et al. 2005; Giodano et al. 1999) . The fac1 mutant produced three times more bikaverin than the wild-type strain (Fig. 7B ). In the FAC1 complementation strain, bikaverin production was reduced to the wild-type level. In F. verticillioides, PKS4 is required for bikaverin biosynthesis Proctor et al. 2006) . In qRT-PCR assays with RNA samples isolated from 14-day-old 0.2× PDA cultures, PKS4 expression was undetectable in the wild type, Δcpk1, and FAC1-ect strains. In Δfac1, the expression of PKS4 was up-regulated. In FAC1 complementation strain (Δfac1/FAC1), expression of PKS4 was reduced (Fig. 7C) . These data indicate that deletion of FAC1 resulted in the upregulation of PKS4 expression and bikaverin synthesis. FAC1 and cAMP signaling must play a repressive role in bikaverin synthesis under the growth conditions tested.
Disruption of FAC1 increases stress tolerance.
Because cAMP signaling is known to be involved in stress responses (Ivey et al. 2002; Versele et al. 2004 ), we first assayed the effect of heat-shock treatment on the fac1 mutant as described (Sona et al. 2005) . After incubation at 49°C for 1 h, 16% of the mutant conidia survived (Fig. 8A) . Under the same conditions, almost all the wild-type conidia lost viability. When stained with 4′,6-diamidino-2-phenylindole, nuclei in most of the wild-type conidia had disintegrated after the heatshock treatment (data not shown). In many Δfac1 strains, nuclei appeared to be intact. Thus, we conclude that Δfac1 was more tolerant to elevated temperatures than the wild type.
In Saccharomyces cerevisiae, the expression of the GSY2, YAP1, SOD2, and HSP26 genes is known to be up-regulated under heat or oxidative stress conditions (Gasch et al. 2000; Schnell et al. 1992) . We identified the homologs of these yeast genes in F. verticillioides. In qRT-PCR assays with RNA isolated from hyphae incubated at 49°C for 1 h, the expression Fig. 4 . Assay for macroconidiation. A, Macro-and microconidia were harvested from 14-day-old carnation leaf agar cultures of the wild type (WT), cpk1 mutant (Δcpk1), an FAC1 ectopic transformant (Ect), fac1 mutant (Δfac1), and complemented transformant (Δfac1/FAC1). Mean and standard error of the percentage of macroconidia among total conidia (macro-and microconidia) were calculated from three independent replicates. B, Macroconidia observed in the WT and an ectopic transformant. Macroconidia were rarely formed by Δcpk1 and never detected in Δfac1. levels of FvGSY2 and FvHSP26 were up-regulated in Δfac1 approximately 11-fold and 3-fold, respectively (Fig. 8B) . (Fig. 8C) . In the presence of up to 10 mM H 2 O 2 , growth rate was not significantly reduced in Δfac1 (Fig. 8C) . These data demonstrated that Δfac1 had increased tolerance against H 2 O 2 .
DISCUSSION
We functionally characterized the CPK1 and FAC1 genes in F. verticillioides. Both the cpk1 and fac1 mutants had reduced radial growth, although the reduction in growth was more severe in the latter. In N. crassa, vegetative growth of the cr-1 adenylate cyclase mutant is severely reduced. Only small, compact colonies are form by the cr-1 mutant (Terenzi at al. 1979 ). The M. oryzae, inactivation of the adenylate cyclase gene MAC1 results in significant reduction of aerial hyphae but relatively normal radial growth (Adachi and Hammer 1998; Choi and Dean 1997) . The reduction in the growth of the fac1 mutant appeared to be less severe than that of the cr-1 mutant but more than that of the mac1 mutant. In A. nidulans, reduced growth of adenylate cyclase gene deletion mutant cyaAΔ was similar to that of Δfac1 (Fillinger et al. 2002) . Therefore, the impact of the cAMP signaling pathway on hyphal growth must be different in various fungi.
The cAMP-PKA pathway is well conserved in fungi (D'Souza and Heitman 2001). Like other fungal adenylate cyclase mutants, the fac1 mutant had pleiotrophic defects. Some but not all of the phenotypes observed in the fac1 mutant were observed in the cpk1 mutant, suggesting that additional catalytic subunits of PKA must exist and function in F. verticillioides. In most filamentous ascomycetes, two genes encode catalytic subunits of PKA. The . Corn stalk rot assays. Maize stalks were inoculated using toothpicks carrying conidia from the wild type (WT), cpk1 mutant (Δcpk1), a FAC1 ectopic transformant (Ect), fac1 mutant (Δfac1), and complemented strain (Δfac1/FAC1). Infected corn stalks were split longitudinally and were photographed 10 days postinoculation. homologs appear to be responsible for most of PKA activities and functions. On the other hand, CPK2 homologs are the additional PKA catalytic domain with overlapping or distinct functional roles in filamentous fungi. In A. nidulans, two PKA cata- Fig. 8 . Heat-shock and H 2 O 2 treatments. A, The percentage of conidia from the wild type (WT), cpk1 mutant (Δcpk1), a FAC1 ectopic transformant (Ect), fac1 mutant (Δfac1), and complemented transformant (Δfac1/FAC1) strains that retained viability after a 1-h incubation at 49°C. B, The transcription levels of FvGSY2 and FvHSP26 were evaluated using the 2 -ΔΔCt method with the FvTUB2 gene as the endogenous control. Relative expression of these two genes between the WT (gray bars) and Δfac1 (black bars) after heat-shock treatment was calculated as fold changes in comparison with their expression levels in the WT strain (arbitrarily set to 1). C, Relative growth for each strain was calculated by comparison of the radial growth on 0.2× potato dextrose agar plates with different concentrations of H 2 O 2 to that on plates with no H 2 O 2 . Gray, black, and stippled bars represent relative growth on medium with 1, 5, and 10 mM of H 2 O 2 , respectively. . Assays for bikaverin production and PKS4 expression. PKS4 is required for bikaverin biosynthesis in Fusarium verticillioides. A, Potato dextrose agar (PDA) cultures of the wild type (WT), cpk1 and fac1 mutants, and complemented strain (Δfac1/FAC1) were photographed after incubation for 7 days. A reddish halo was observed surrounding the Δfac1 colony. B, Bikaverin production in the WT, cpk1 mutant (Δcpk1), a FAC1 ectopic transformant (Ect), fac1 mutant (Δfac1), and complemented strain (Δfac1/FAC1) grown on 0.2× PDA. Means were calculated from three biological replications. C, Quantitative reverse-transcription polymerase chain reaction analysis of PKS4 expression. The transcription level of PKS4 was evaluated using the 2 -ΔΔCt method with the FvTUB2 gene as the endogenous control. Fold changes in the relative expression level of PKS4 were calculated with its expression level in Δfac1 arbitrarily set to 1. Three biological replications were performed to obtain standard deviations. lytic subunits, PkaA and PkaB, have overlapping functions in vegetative growth and germination in the presence of glucose but opposite regulatory roles in asexual sporulation, oxidative stress, and germination in the absence of glucose (Ni et al. 2005) . The basidiomycete U. maydis also has two catalytic subunits of PKA, Adr1 and Uka1. Adr1 is associated with the majority of cAMP signaling, whereas Uka1 deletion has minimal effects on pathogenicity (Dürrenberger et al. 1998) . In M. oryzae, deletion of CPK2 had no detectable effects but the cpkA cpk2 double mutant appeared to be lethal (J.-R. Xu unpublished data). The CPK1 and CPK2 genes in F. verticillioides may have distinct and overlapping functions. For example, in this study, we observed a defect in macroconidiation in both FAC1 and CPK1 mutants, whereas a defect in microconidiation was identified only in FAC1 mutant. Because CPK1 was only important for macroconidiation, the other PKA gene catalytic subunit (CPK2) likely plays a more important role in microconidiation than in macroconidiation.
In addition to hyphal growth, FAC1 is important for the production of micro-and macroconidia. Although microconidiation was only reduced, macroconidiation was abolished in the fac1 mutant. In M. oryzae, production of three-celled conidia (comparable to macroconidia in F. verticillioides) was eliminated in the mac1 mutant, but the mutant was unstable and conidia were formed by spontaneous revertants (Adachi and Hamer 1998) . In contrast, conidiation is derepressed in the N. crassa cr-1 mutant (Terenzi, et al. 1976) , which produces small colonies with abundant macroconidia. In F. verticillioides, only a few genes are known to be associated with the production of macroconidia. Two of them, CPP1 and FvVE1, are negative regulators of macroconidiation Li et al. 2006) . Because macroconidia are important for survival and dispersal, it will be critical to determine the interaction between the cAMP-PKA pathway and CPP1 or FvVE1 in the regulation of macroconidiation.
Many sordariomycetes produce both macro-and microconidia. To our knowledge, this study is the first to report on the involvement of cAMP signaling in the production of both macro-and microconidia. Microconidia are produced by M. oryzae and N. crassa (both are members of class Sordariomycetes), but conidiation processes were not examined in the cAMP signaling mutants of these two fungi. In N. crassa, G β protein GNA-3 regulates microconidial production and functions upstream of adenylate cyclase (Kays et al. 2000) . In A. nidulans, a member of class Eurotiomycete, only one type of conidium is formed. Constitutive activation of G α protein GanB resulted in significant reduction of asexual sporulation in A. nidulans, which indirectly suggests that adenylate cyclase may be involved in asexual sporulation in this fungus (Chang et al. 2004) .
Although reintroduction of a wild-type copy of FAC1 into fac1 mutant rescued most of the defects associated with the gene replacement event, we noticed that some of the Δfac1 phenotypes were not fully restored in the FAC1 complementation strain (Δfac1/FAC1). An explanation for this is that the complementation construct did not contain the full-length FAC1 promoter. However, this is unlikely, because a 1.8-kb upstream region of FAC1 was included in the complementation construct. Another possibility is that the transforming FAC1 gene was integrated in a chromosomal region that affects the proper transcriptional regulation. However, because most of the defects associated with fac1 deletion were almost completely restored in the complementation strain (Δfac1/FAC1), it is unlikely that an additional spontaneous mutation was responsible for the observed defects.
Unlike mutants blocked in cAMP signaling in Colletotrichum gloeosporioides f. sp. aeschynomene and Aspergillus sp. (Barhoom and Sharon 2004; Ni et al. 2005) , conidia from the fac1 and cpk1 mutants germinated efficiently in rich medium. However, no germination was observed in Δfac1 after 16 h incubation in MM without a carbon source (Table 2) . Under the same conditions, a low percentage of conidia from the wild-type strain formed germ tubes (Table 2) . Therefore, the fac1 mutant appeared to be more sensitive to carbon starvation than the wild type. Addition of 200 mM glucose stimulated conidial germination in the wild type and mutant strains, indicating that glucose sensing and response mechanisms still function in the fac1 mutant. In A. nidulans and Schizosaccharomyces pombe, glucose sensing has been implicated in regulating cAMP signaling and conidial germination (Fillinger et al. 2002; Hoffman 2005; Lafon et al. 2005; Lengeler et al. 2000) . Our data suggest that glucose sensing and response does not require the cAMP-PKA pathway in F. verticillioides. Conidial germination was normal in Δfac1 when incubated in rich medium or in the presence of 10 mM cAMP. However, the percentage of fac1 conidia germinating in MM with 200 mM glucose was lower than that of the wild type (Table 2 ). Most likely, other nutritional factors in limited amount in the MM may affect conidium germination when FAC1 is deleted.
In many plant and animal pathogenic fungi, including U. maydis, M. oryzae, and Cryptococcus neoformans, the cAMP-PKA pathway is known to be important for virulence (Alspaugh et al. 2002; D'Souza and Heitman 2001; Dürrenberger et al. 1998; Mitchell and Dean 1995) . The fac1 mutant was reduced in virulence in corn stalk rot assays (Fig. 6) . Although the reduction in the growth might contribute to its defects in pathogenesis, the fac1 mutant was more significantly reduced in virulence than in growth. In addition, the cpk1 mutant also was reduced in growth, but it had slight reduction of virulence in corn stalk rot assays (Fig. 6) . Therefore, FAC1 is likely directly involved in regulating fungal-plant interaction or recognition and the expression of plant infection-related genes. This function may be conserved in other phytopathogenic fungi because the adenylate cyclase gene is essential for pathogenesis in M. oryzae, Sclerotinia sclerotiorum, and U. maydis (D'Souza and Heitman 2001; Gold et al. 1994; Jurick and Rollins 2007) . In contrast, although its homologs are important for pathogenesis in other plant pathogens (Dürrenberger et al. 1998; Mitchell and Dean 1995) , CPK1 was dispensable for plant infection in F. verticillioides. The other catalytic subunit of PKA, encoded by CPK2, may play a critical role or have overlapping functions with CPK1 in regulating genes important for pathogenesis.
To our surprise, FB 1 production was not affected in the cpk1 and fac1 mutants, suggesting that cAMP signaling is not involved in the regulation of fumonisin biosynthesis. In F. verticillioides, the G β mutant Δgbb1 was significantly reduced in FB 1 production, suggesting that fumonisin production is regulated by the trimeric G-proteins (Sagaram and Shim 2007) . In A. nidulans, pkaA is involved in conidiation and sterigmatocystin production (Shimizu and Keller 2001) . In general, fungal conidiation and secondary metabolism appear to be coregulated (Calvo et al. 2002) . Our results indicate that conidiation and fumonisin synthesis are not coregulated by cAMP signaling in F. verticillioides. Interestingly, the fac1 mutant appeared to be enhanced in the production of bikaverin (Linnemannstöns et al. 2002) , another secondary metabolite produced by F. verticillioides. The expression level of PKS4 Kroken et al. 2003 ) also was elevated in the mutant. Therefore, the cAMP-PKA pathway does not have the same effects on all secondary metabolite biosynthetic pathways. Its function in the biosynthesis of different secondary metabolites must be specific to each biosynthetic pathway.
Regulation of bikaverin biosynthesis in F. verticillioides is not well studied. We demonstrated that bikaverin biosynthesis and PKS4 expression are under the control of cAMP signaling (Fig. 7) . In a previous study, the GAC1 gene encoding a GTPase activating protein was reported to be involved in bikaverin synthesis . The relationship between GAC1 and cAMP signaling remains to be determined. One possibility is that Fac1 functions downstream from Gac1, which may function as a GAP for Gα subunits in F. verticillioides. It is also possible that Gac1 functions as the GAP for a downstream target of Fac1.
In fungi, cAMP signaling is known to play a role in stress responses (Ivey et al. 2002; Versele et al. 2004 ). In mutants of N. crassa and F. oxysporum with reduced intracellular levels of cAMP levels showed increased heat resistance (Sona et al. 2005; Yang and Borkovich 1999) . In F. verticillioides, the fac1 mutant had increased tolerance to elevated temperatures and H 2 O 2 (Fig.  8) . In Cryptococcus neoformans, PKA regulates the transcription of TPS1, which encodes the first enzyme for biosynthesis of trehalose (Hu et al. 2007 ). However, our preliminary data indicated that the expression level of FvTPS1 was repressed in Δfac1 under the tested stress conditions, in contrast to the previous study (data not shown). Interestingly, data from qRT-PCR analysis revealed that homologs of the yeast GSY2 and HSP26
genes were up-regulated in the fac1 mutant under heat-stress conditions. In Saccharomyces cerevisiae, both GSY2 and HSP26 are up-regulated under heat-stress condition (Gasch et al. 2000) . It will be important to determine the functions of FvGSY2 and FvHSP26 in F. verticillioides in FAC1-mediated stress responses. Because FAC1 is important for a variety of cellular processes, including microconidiation, macroconidiation, conidium germination, radial growth, and pathogenesis, it also will be important to identify and characterize other downstream targets regulated by the cAMP-PKA pathway in F. verticillioides.
MATERIALS AND METHODS
Fungal strains and culture media.
Fusarium verticillioides 7600 (Fungal Genetics Stock Center, University of Missouri, Kansas City, MO, U.S.A.) was stored in 20% glycerin at -80°C. Vegetative hyphae harvested from liquid YEPD cultures were used for genomic DNA extraction. For RNA isolation, we followed the method previously described .
For macro-and microconidiation assays, culture blocks (1 cm in diameter) were inoculated on carnation leaf agar (Fisher et al. 1982) or 0.2× PDA plates (Difco, Becton Dickinson Co., Franklin Lakes, NJ, U.S.A.). Conidia were harvested from 14-day-old cultures and were counted with a hemacytometer. Formation of microconidial chains or false heads on 14-day-old 0.2× PDA cultures was observed with a NIKON SMZ-U research grade stereo microscope (Nikon Instruments Inc., Melville, NY, U.S.A.). Czapek's minimal medium (Fothergill and Jone 1958 ) without a carbon source (MM-C) was used as the base medium to assay the effects of 200 mM glucose on conidium germination. Conidia were resuspended to a concentration of 1 × 10 5 conidia/ml in an appropriate medium and were incubated at room temperature for 16 h with shaking (150 rpm). Conidia with germ tubes were counted to determine percent germination. Any small germ-tube generations from conidia were considered to be germinated.
Nucleic acid isolation and manipulation.
Plasmid DNA was extracted with the QIAprep spin miniprep system (Qiagen, Valencia, CA, U.S.A.). Fungal genomic DNA was extracted by the CTAB protocol (Xu and Hammer 1996) . Total RNA was isolated with the Trizol reagent (Invitrogen, Carlsbad, CA, U.S.A.) following the instruction provided by the manufacturer and was used for cDNA synthesis as described by Bluhm and Woloshuk (2005) . Standard procedures were used for enzymatic manipulations of DNA and Southern hybridization Sambrook and Russell 2001) . Probes were prepared with the Rediprime II random-prime DNA labeling system (GE Healthcare, Piscataway, NJ, U.S.A.).
PCR and quantitative real-time (qRT)-PCR.
All primers used for PCR or qRT-PCR analyses are listed in Table 4 . All qRT-PCR reactions were performed in a Mx3000P QPCR system with the MxPro QPCR software (Strategene, La Jolla, CA, U.S.A.). Each cDNA sample was adjusted to 100 ng/μl before mixing with the Brilliant II SYBR green QPCR master mix (Strategene). PCR reactions consisted of 15 min at 95ºC followed by 35 cycles of 15 s at 95ºC, 30 s at 57ºC, and 30 s at 72ºC. The F. verticillioides β-tubulin gene FvTUB2 (GenBank accession number U27303) was used as the internal control for normalization. Gene expression was calibrated by the 2 -ΔΔCt method (Ct = threshold cycle) (Livak and Schmittgen 2001) . The range of expression was calibrated using 2 -ΔΔCt -s -2 -ΔΔCt + s , where s is the standard deviation of ΔCt value. At least four biological replicates were used to assay the expression of each gene. 
Gene deletion and complementation constructs.
The split-marker approach (Catlett et al. 2002) was used to generate the gene replacement constructs for CPK1 and FAC1. Primers HYG-F, HY-R, YG-F, and HYG-R (Table 4) were used to amplify different regions of the hygromycin phosphotransferase gene. Primer pairs CPKA-LF-F and CPKA-LF-R and CPKA-RF-F and CPKA-RF-R (Table 4) were used to amplify the upstream and downstream flanking regions of the CPK1 gene (Fig. 1) , respectively. Primer pairs FAC1-LF-F and FAC1-LF-R and FAC1-RF-F and FAC1-TF-R (Table 4) were used to amplify the 1,066-bp upstream and 1,091-bp downstream flanking sequences of the FAC1 gene. Overlapping PCR products amplified with primer pairs CPKA-LF-F and CPKA-RF-R (Fig.  1) or FAC1-LF-F and FAC1-RF-R (Fig. 1) were used to transform protoplasts of the wild-type strain 7600. Hygromycin-resistant transformants were screened by PCR with primer pairs CPKA-neg-F and CPKA-neg-R, FAC1-neg-F and FAC1-neg-R, and FAC1-che-R and HPH-che-F. Southern blots of ScaIdigested genomic DNA of putative cpk1 and fac1 deletion mutants were hybridized with 32 P-labeled probes. For complementation assays, the CPK1 gene was amplified with primers CPKA-com-F and CPKA-com-R (CPK1 open reading frame plus the 1,441-bp upstream promoter and 210-bp downstream terminator sequences) into the KpnI and XhoI sites of pSM334 (Hou et al. 2002) . The full-length FAC1 gene was amplified with primers FAC1-com-F and FAC1-com-R. The resulting CPK1 and FAC1 complementation constructs were transformed into protoplasts of the cpk1 mutant (Δcpk1) and fac1 mutant (Δfac1), respectively. Transformants resistant to both geneticin and hygromycin were screened by PCR for the presence of the CPK1 or FAC1 gene and confirmed by Southern blot analyses.
Transformation of F. verticillioides.
Protoplast preparation and transformation of F. verticillioides 7600 were performed as described by Shim and Woloshuk (2001) . Drieselase (Sigma-Aldrich, St. Louis) replaced mureinase in the enzyme solution for protoplasting. Transformants were selected on regeneration medium (Shim and Woloshuk 2001) with hygromycin B (100 μg/ml) (Calbiochem, La Jolla, CA, U.S.A.) or geneticin (250 μg/ml) (Research Products International Corp., Mt. Prospect, IL, U.S.A.). Single-spore or monoconidial isolation was used to obtain putative gene replacement mutants.
FB 1 analysis.
FB 1 production in cracked corn kernels or defined liquid medium was assayed as previously described (Shim and Woloshuk 1999) . For cracked-corn cultures, ergosterol was extracted and analyzed as a quantitative measure of growth by high-pressure liquid chromatography (HPLC) as described (Bluhm and Woloshuk 2005) . Standard curves were generated with HPLC-grade FB 1 and ergosterol (Sigma-Aldrich).
Bikaverin assays.
Bikaverin was extracted from total vegetative mycelium harvested from 14-day-old 0.2× PDA cultures with chloroform and was analyzed by absorbance at 518 nm with molecular extinction coefficient (log ε = 3.95) following the protocol described previously (Chávez-Parga et al. 2005; Giodano et al. 1999 ).
Virulence assay.
Microconidia harvested from 7-day-old V-8 agar plates were used to inoculate 8-week-old maize inbreed B73 as described previously . Briefly, stalks of 8-week-old B73 maize were wounded with a sterile needle and were infected with fungal strains. Fungal cultures for inoculation were prepared from each of the strains grown on V-8 agar plates (at 25°C for 7 days), and each of the strains were inoculated into the wound. Infected maize plants were incubated in a greenhouse facility located at Purdue University. Plants were incubated for 10 days, and stalks were split longitudinally to inspect the extent of rot. The stalk rot assay was repeated at least three times for each fungal isolate.
Stress tolerance assays.
Assays to quantify conidia that survived heat-shock treatments followed the protocol described by Sona and associates (2005) . Conidia harvested from 7-day-old V8 cultures were resuspended to a concentration of 1 × 10 3 conidia/ml in sterile water, were incubated at 25 or 49°C for 1 h, and were then plated on 0.2× PDA plates (0.1 ml/plate). Colonies formed on 0.2× PDA plates were counted after incubation for 2 days at 25°C. The percentage of conidia surviving the heat-shock treatment was calculated by dividing the number of colonies formed on plates incubated at 49°C by that on plates incubated at 25°C. To assay the responses to oxidative stress, culture blocks were inoculated onto 0.2× PDA plates containing 0, 1, 5, or 10 mM H 2 O 2 . Radial growth was assayed after incubation at room temperature for 7 days. All assays were repeated at least three times.
